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Abstract
We study the possibility of baryogenesis in the case of supersymmetry break-
ing with large mixing between the c˜R and t˜R or u˜R and t˜R squarks resulting in
one light right-handed up-type squark mass eigenstate. We argue that in this
case the electroweak phase transition will be first order, and that large phases
already present in the quark mass matrices can generate a baryon asymmetry of
the correct magnitude without introducing any new phases specifically for this
purpose. We study in detail a particular ansatz for supersymmetry breaking and
CP violation where there is only one CP violating phase in the theory: in the
up-type quark mass matrix. We study the constraints placed on this model by
baryogenesis and flavor physics. This scenario has robust implications for low
energy flavor phsyics including D0 − D¯0 mixing and an electric dipole moment
for the neutron that are close to the experimental bounds, and CP violation in
the B − B¯ system that is different from that in the Standard Model.
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1 Introduction
The three physical requirements needed for baryogenesis [1]: baryon number
violation, CP violation, and a departure from thermal equilibrium all exist at the
electroweak phase transition (EWPT). The existence of baryon number violating
standard model field configurations at high temperatures was demonstrated in [2].
CP violating interactions are known to exist in nature, and a sufficiently first order
phase transition would provide the departure from equilibrium needed in order
to generate the baryon asymmetry and then shut off the baryon number violation
fast enought to avoid washing it out. The possibility of baryogenesis occurring at
the electroweak phase transition is exciting because the physics occurs at ≃ 100
GeV, and is plausibly testable in terrestrial experiments.
An interesting attempt to generate the asymmetry using only the fields and
CP violation in the Standard Model was made in [3], but it was later shown in [4]
that decoherence effects prevent the generation of a sufficiently large asymmetry
in this case. In addition, the phase transition in the Standard Model isn’t quite
strong enough to preserve any asymmetry that might have been generated. Thus
it seems that one needs to go beyond the Standard Model in order to generate
the baryon number asymmetry. Although many models have been proposed
that successfully accomplish this [5], there is no one commonly accepted or most
plausible paradigm.
A well motivated extension of the Standard Model is the Minimal Supersym-
metric Standard Model (MSSM). Introducing the extra sparticle content of the
MSSM brings with it a plethora of new masses, mixing angles and CP violat-
ing phases associated with the soft breaking of supersymmetry. These are con-
strained by the assumptions of no new CP violation beyond that of the Cabibbo
Kobayashi Maskawa (CKM) matrix, universal supersymmetry breaking squark
and gaugino masses, and universal and proportional trilinear scalar couplings.
The phenomenology of this constrained model has been extensively studied [6].
While rich in implications for high energy collider experiments, the constrained
MSSM by construction has negligible effects on low energy flavor physics and
baryogenesis.
In a recent series of papers [7, 8] it has been shown that if the assumption
of universal squark masses was relaxed to allow a sufficiently light stop, the
strength of the electroweak phase transition would be enhanced over that in the
Standard Model, allowing any baryon asymmetry that might have been generated
at the phase transition to persist until today. This light stop would have to
be predominantly the t˜R because a light t˜L would require a degenerate b˜L to
avoid conflicts with electroweak observables like the ρ parameter, and generating
a light stop due to large t˜L − t˜R mixing weakens the strength of the EWPT.
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One could then introduce a small phase in the left-right stop mixing term (At),
which would provide the CP violation required to generate a baryon asymmetry
[9] (models that have a large phase in the diagonal trilinear term At have the
possibility of generating too large a nucleon EDM due to an RGE induced phase
in Au [10]). Possible aesthetic objections to this scenario are the presence of an
extremely small or negative supersymmetry breaking mass squared for t˜R, and
the introduction of a new small CP violating phase.
In this paper we suggest a model that generates a baryon asymmetry by a
generalization of the mechanism first proposed in [9], which does not suffer from
the two unnatural features mentioned above. The limits on neutral meson mixing
constrain the mixing between the first two squark generations of either charge,
but do not limit the mixing between the first and third or second and third
generation up-type squarks [11]. Thus, there could be large c˜R − t˜R or u˜R − t˜R
mixing in the soft susy breaking terms with universal diagonal terms [12]. In
such a scenario one of the mass eigenstates is light, while still having a large
Yukawa coupling (proportional to the top quark mass) to the Higgs boson, thus
enhancing the electroweak phase transition as in [7]. In addition, due to this
texture of the (RR) up squark mass matrix, the supersymmetry breaking (LR)
piece of the squark mass matrix (A term) is in general no longer proportional
to the quark mass matrix, while the supersymmetry conserving part (µ term)
is [13, 14]. As a result of this non-proportionality between the A and µ terms
the complex parameters already present in the quark mass matrix give rise to
a physical phase in the space and time dependent squark mass matrix at the
electroweak phase transition, which can generate a baryon number asymmetry of
the correct magnitude.
The outline of our paper is as follows: in Sec. II we present the model. Sec.
III which is broken up into 4 sub-sections discusses the details of the baryogen-
esis. Sec. IV studies the implications for low energy flavor physics and Sec. V
concludes.
2 The Model
Consider the MSSM [15] with the most general soft supersymmetry breaking
terms [14]
LMSSM = LSUSY + Lsoft (1)
where
LSUSY =
∫
d4θΦ†e2gVΦ+
∫
d2θW (Φ) + h.c. (2)
3
and
Lsoft =
∫
d4θΦ†[η¯Γ∗+ηΓ− η¯ηZ]e2gVΦ−
∫
d4θΦT
Λ
2
Φ+
∫
d2θW ′(Φ)+h.c. (3)
In the above equations Φ is a column vector of chiral superfields, V are the vec-
tor superfields, and W (Φ) is the superpotential containing bilinear and trilinear
terms Mij and Yijk. In Eq. (3), η is the spurion whose vev = m0θ
2 breaks super-
symmetry, Γ, Z and Λ are matrices of supersymmetry breaking parameters, and
W ′(Φ) is a holomorphic function of the superfields with bilinear couplings M ′ij
and trilinear couplings Y ′ijk. This leads in component notation to
− Lsoft = m2ijφ∗iφj +
1
6
Aijkφiφjφk +
1
2
Bijφiφj + h.c. (4)
where φi are the scalar fields and
Aijk = m0[Y
′
ijk + YljkΓli + YilkΓlj + YijlΓlk]
Bij = m0[M
′
ij +MljΓli +MilΓlj +m0Λij],
m2ij = m
2
0[Zij + Γ
∗
ilΓlj], (5)
and we have ignored the gaugino mass terms.
Since the new effects we consider are a result of the non-diagonal texture of the
right-handed up-type squark mass matrix squared (M2u˜RR) and the correspond-
ing form of the trilinear supersymmetry breaking term (Au˜LR) we concentrate
primarily on these. Consider
M2u˜RR = m
2
0AURR (6)
and
Au˜LR = m0λUAULR (7)
where from Eq. (5) AURR = ZURR + Γ
†
URR
ΓURR, λU is the matrix of Yukawa
couplings for the up-type quarks, and AULR = λ
−1
U Y
′
U + ΓURR . With the rest
of the squark mass matrices diagonal and universal, the CP violating invariant
responsible for baryogenesis in this model is given by
JCP = Im Tr[A
†
ULR
λ†UλUAURR ] (8)
Since λ†UλU and AURR in Eq. (8) are Hermitian, a necessary condition for baryo-
genesis is that AULR not commute with either of these matrices.
In the constrained MSSM, AULR is proportional to the unit matrix at the su-
persymmetry breaking scale, and is always Hermitian and commutes with λ†UλU
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even after including RGE running to a lower scale. The scenario of supersymmet-
ric baryogenesis with diagonal squark masses [9] requires two small parameters
beyond those of the constrained MSSM: a small supersymmetry breaking mass
for t˜R [AURR(3, 3)], and a complex phase for the trilinear coupling At [AULR(3, 3)].
Our approach is to notice that given the plausible assumption that at least
part of the CP violation seen in K − K¯ mixing is due to Standard Model box
diagrams, λ†UλU in Eq. (8) already contains large phases and to try to use these for
baryogenesis without introducing CP violation into the supersymmetry breaking
sector. All we need are non-commuting AULR and AURR . This is possible, for
example, in models of horizontal symmetries due to the non-holomorphic terms
discussed in [12, 13].
We now study a specific realization of the scenario discussed above, making a
series of assumptions in order to gain predictive power and relate the CP violat-
ing phase responsible for baryogenesis to the one observed in low energy meson
decays. We first assume that CP violation originates in the supersymmetry con-
serving part of the lagrangian, LSUSY . In the exact supersymmetric limit this
corresponds to just one physical phase in the mixing matrix for 3 families of
quarks. We will limit ourselves to this one phase, and make the following ansatz
for the up and down type Yukawa coupling matrices:
λU = V
†λˆUV ; λD = λˆD (9)
where V is the CKM matrix, and λˆU and λˆD are diagonal matrices. Consistent
with our assumption of no CP violation in the supersymmetry breaking sector,
Lsoft, we set W ′(Φ) = 01, and insist that the parameters Z, Γ, and Λ in Eq. (3)
are real. The relative phases between LSUSY and Lsoft will be responsible for
baryogenesis. While for the most general case there are a large number of these
relative phases that are physical, our assumption makes them all proportional to
the one fundamental phase in the quark mixing matrix.
Notice, from Eqs. (5) that it is the ΓURR part ofM
2
u˜RR
= m20(ZURR+Γ
†
URR
ΓURR)
that is responsible for Au˜LR not being proportional to λU . Thus, in order to reduce
the number of arbitrary parameters we further set ZURR = 0. Using the ansatz
ΓURR =

 1 0 00 1 x
0 y 1

 (10)
1In supergravity models with hidden sector supersymmetry breaking one has W ′(Φ) =
aW (Φ). Thus a clear separation of the origin of CP violation demands W ′(Φ) = 0.
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with x, y ≃ 1 in order to have large c˜R − t˜R mixing 2 leads by Eq. (5) to
M2u˜RR = m
2
0AURR = m
2
0


1 0 0
0 1 + x2 x+ y
0 x+ y 1 + y2

 (11)
and
Au˜LR = m0λUAULR = m0λUΓURR (12)
We let the rest of the scalar mass squared matrices be universal, and proportional
to m20 as in the constrained MSSM. For the rest of the parameters that define the
softly broken MSSM we allow generic values
m0 ≃ |µ| ≃M3 ≃ M2 ≃ 100− 300 GeV ; tanβ ≃ 1 (13)
Eqs. (9 - 13) along with universality for the other scalar mass matrices define the
model we will be studying.
We emphasize that we have made specific assumptions about soft supersym-
metry breaking and CP violation that allows us to relate Au˜LR to λU and M
2
u˜RR
(W ′, ZURR = 0 and ΓURR is real). It would be interesting if such a model of su-
persymmetry breaking exists since, as we will show, it allows us to explain both
the CP violation seen in K mesons and that required for baryogenesis in terms
of one complex parameter in the MSSM super potential. In order to do so we in-
troduced two additional parameters beyond those of the constrained MSSM: the
squark mixing parameters x and y which could find their origin in models with
horizontal symmetries. Even if nature were such that some of the assumptions
about supersymmetry breaking and CP violation we have made did not hold,
the rest of this paper serves as a useful study of the possibility of electroweak
baryogenesis for the general case of non-universal and non-proportional super-
symmetry breaking soft terms. In particular, all of our results would go through
essentially unchanged if some of the parameters that we set to zero actually turn
out to be non-vanishing but small.
3 Baryogenesis
First we will consider the strength of the EWPT and argue that a light up-type
squark produced due to c˜R − t˜R mixing serves to enhance the strength of the
2For the rest of the paper we will quote formulae relevant to the case of c˜R− t˜R mixing. The
physics for the case of u˜R− t˜R mixing is similar, and can be trivially generalized by moving the
parameters x and y from the (2,3) and (3,2) elements to the (1,3) and (3,1) elements of ΓURR .
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phase transition, possibly making it a first order one, and allowing any baryon
asymmetry produced during the phase transition to persist to lower temperatures.
We then calculate the baryon asymmetry generated at the EWPT. We will not
explicitly state the approximations made in this approach, and refer the reader
to [9] for a discussion of the validity of the assumptions and approximations
made. The procedure is quite simple: first we calculate a CP violating source
term for axial baryon (c˜R + t˜R) number induced by the passage of the bubble
wall through the plasma. Then we solve a set of coupled Boltzmann equations
that include the effects of diffusion, rapid particle number changing interactions
and the CP violating source. One finds then that there is an excess of c˜R + t˜R
number generated in the symmetric phase. This biases the electroweak sphalerons
towards a production of net excess baryon number in the symmetric phase, which
is then stored in the broken phase as the bubble sweeps through the plasma (the
CP violating source term acts as the charge potential of earlier models [16], and
the effects of diffusion are important in moving the c˜R + t˜R asymmetry out into
the symmetric phase where sphalerons efficiently convert this excess into a net
excess baryon number [17]).
3.1 The Electroweak Phase Transition
The EWPT in the MSSM has been studied using two approaches: looking at the
daisy-improved effective potential [18, 7] and by lattice simulation of a dimension-
ally reduced effective theory [8] with compatible results. The earlier studies [18]
working with the assumption of universal scalar masses concluded that the situ-
ation in the MSSM was not much better than that in the Standard Model where
a strong enough first order phase transition required an experimentally excluded
Higgs boson mass.
Recently, however it has been shown [7, 8] that if tanβ is small, and the right-
handed stop, t˜R is light due to a sufficiently small supersymmetry breaking mass,
the order of the EWPT can be significantly enhanced over that in the Standard
Model. The reason for this is quite simple. Scalars with vanishing or small Higgs
independent mass contribute a cubic term to the scalar potential proportional to
their Higgs dependent mass, resulting in a finite temperature Higgs potential of
the form
V (h, T ) = −M
2(T )
2
h2 − δTh3 + λ(T )
4
h4 (14)
with
δ =
1
12π
∑
i
g3i (15)
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where the sum is over all boson degrees of freedom with zero Higgs independent
mass, and Higgs dependent mass defined by mi(h) = gih. The critical tempera-
ture for the phase transition, T0 is defined as the temperature where
∂2V
∂h2
∣∣∣∣∣
h=0
= 0⇒M2(T ) = 0. (16)
This leads to a phase transition temperature T0 ∼ 100 GeV in both the Standard
Model, as well as the MSSM. Minimizing the potential at the critical temperature,
∂V
∂h
∣∣∣∣∣
T=T0
= 0⇒ −M2(T0)− 3δT0h + λ(T0)h2 = 0 (17)
leads to the equation
h(T0)
T0
=
3δ
λ(T0)
(18)
for the field strength of the Higgs field h at the non-zero solution of Eq. (17).
Thus we see that it is the presence of the cubic term δ which forces the existence
of two degenerate minima at the critical temperature, and hence a first order
phase transition.
Since the t˜R couples to the Higgs boson with the large top quark Yukawa
coupling, a light t˜R can significantly enhance the strength of the electroweak
phase transition. The quantity h(T0)/T0 is a measure of the strength of the
phase transition. The requirement on the strength of the phase transition in
order for the baryon asymmetry not to be erased by electroweak sphalerons after
the phase transition is [19]
h(T0)
T0
≥ 1 (19)
To get a numerical estimate of the right-hand side of Eq. (18) one can use Eq. (15)
for δ with a vanishing supersymmetry breaking mass for t˜R, and approximate
λ(T0) by λ(0) = m
2
h/2v
2 where mh is the physical Higgs boson mass, and v = 246
GeV is the zero temperature vacuum expectation value (vev). This leads to the
following estimate for the strength of the EWPT in the Standard Model and the
MSSM for a Higgs boson mass of 75 GeV(
h(T0)
T0
)
SM
≃ 0.5;
(
h(T0)
T0
)
MSSM
≃ 3. (20)
Precisely this effect occurs if the lightest right-handed up-type squark is an
admixture of c˜R and t˜R. The large mixing generates a light eigenstate with small
Higgs independent mass without introducing any unnaturally small diagonal mass
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parameters. In addition, this lightest eigenstate will still have couplings to the
Higgs boson proportional to the top quark Yukawa (modified by a mixing angle
of order 1), hence introducing a large cubic term in the Higgs potential, and
ensuring a first order phase transition. We have confirmed these arguments for
the model we propose and find a strongly first order phase transition over large
regions of parameter space. For example using a Higgs mass of 75 GeV, m0 = 200
GeV and x = −1, y = 0 in Eq. (6) leads to
(
h(T0)
T0
)
≃ 1.5 (21)
using the approximations mentioned above and with appropriate modifications
to Eqs. (14 - 18) in order to account for the non-zero supersymmetry breaking
stop mass.
We should mention two effects we have neglected in the arguments of the
previous two paragraphs that both tend to decrease the strength of the phase
transition. The first is thermal masses for the squarks and gauge bosons which
act like non-zero soft susy breaking masses for the squarks and tend to screen
the cubic term. This effect has been included in both of [7]. The second is
including L − R mixing terms between the squarks which generally reduces the
field dependent mass of the lightest eigenvalue, hence decreasing the magnitude
of the cubic term. This effect was studied in the first of [7] where they find a
large enough enhancement of the strength of the phase transition only if |m0AU+
µ/ tanβ| ≤ m0. Given this condition, both find a sufficiently first order phase
transition for tanβ ≃ 1 and a stop mass ≤ 175 GeV. Although we have not
studied the inclusion of these effects, we will adopt these results and insist that
µ is negative since in our model both AU and tan β ≃ 1, and use as our criterion
for a phase transition satisfying Eq. (19) the condition mu˜1 ≤ 175 GeV, where
mu˜1 is the mass of the lightest up-type squark.
A final concern in models with small supersymmetry breaking squark masses is
the possibility of a negative mass squared for one of the mass eigenstates resulting
in a color and charge breaking vaccum. In order to avoid this possibility we insist
that the mass squared for the lightest up-type squark be positive in the symmetric
phase.
There has also been recent work suggesting that 2-loop QCD corrections as-
sociated with stops substantially enhances the strength of the phase transition
[20]. Such an effect would imply that our constraints are conservative.
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3.2 The CP Violating Source Term
In this sub-section we reproduce the salient points of the analysis in [9], which
was limited to looking at the third generation of squarks only, generalized to
account for c˜R − t˜R mixing and non-proportional A terms.
We define the CP violating source term for axial squark number (actually
quark + squark) as
γQ˜ =
vw
∆
[J+(~x, t) + J−(~x, t)]
0 (22)
where Jµ± are CP violating charge currents (in the plasma frame) generated in
a thickness ∆ that the wall sweeps through with velocity vw. If we make an
expansion for the currents in the wall velocity vw, and if we approximate the
phase space distribution for the squarks to be given by that in the symmetric
phase, we get
γQ˜(z, t) = γwvwNc
T 4
4π2
× ImTr[JQ˜LIL + JQ˜RIR] (23)
the quantities JQ˜LIL and JQ˜RIR can be related by a power series expansion to
JCP defined in Eq. (8) (with a trivial generalization to account for the left-handed
squarks). The coordinate z = 0 defines the edge of the symmetric phase, and
z = w defines the edge of the broken phase, i.e. w is the thickness of the wall.
IL,R are 3× 3 diagonal matrices with entries that can be fit by the formula
[IL,R]ii = 1
50
T
mi
emi/T
(1− emi/T )2 (24)
where mi are the eigenvalues of M
2
u˜LL,RR
in the symmetric phase. Further,
JQ˜L = −
1
zT 5
ULM
2
u˜LR
(z)M2u˜LR(0)
†U †L; JQ˜R =
1
zT 5
URM
2
u˜LR
(z)†M2u˜LR(0)U
†
R (25)
where
M2u˜LR(z) = m0λUΓURRv2(z) + µλUv1(z) (26)
and UL,R are the unitary matrices that diagonalize M
2
u˜LL,RR
. Ignoring the (LL)
sector since it does not contribute to the CP violating source term in our model,
we have
UR =


1 0 0
0 c s
0 −s c

 (27)
with c and s parametrizing the sine and cosine of the c˜R − t˜R mixing angle.
Making an expansion in derivatives of the mass matrix (the thick wall limit),
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Eq. (26) for M2u˜LR , gives us the following expression for the imaginary parts of
the diagonal elements in JQ˜R:
Im[JQ˜R]ii =
4m0µM
2
W (z, T )∂zβ
g2T 5
Im[URΓ
†
URR
λ†UλUU
†
R]ii
≃ 4m0µM
2
W (z, T )∆β
wg2T 5
Im[URΓ
†
URR
V †λˆ2UV U
†
R]ii (28)
where we have explicitly removed all the dependence on the Higgs vevs to the pre-
factor, so λˆU is the diagonal matrix of up-type quark Yukawa couplings obtained
from Eq. (9), and we have replaced ∂zβ by ∆β/w where w is the wall thickness,
and ∆β the variation of the Higgs vevs over the wall.
For 3
V =

 1− λ
2/2 λ Aλ3σ
−λ (1− λ2/2) Aλ2eiγ
Aλ3(1− σe−iγ) −Aλ2 eiγ

 (29)
We get
Im[JQ˜]ii =
4m0µM
2
W (z, T )∆β
wg2T 5


0
Aλ2λ2t sin(γ)(xc
2 − ys2)
−Aλ2λ2t sin(γ)(yc2 − xs2)

 (30)
where λt is the top quark Yukawa coupling, x and y are the off-diagonal entries
in the matrix ΓURR , and sin γ ≃ 1 is the CP violating phase in the quark mass
matrix (a similar result would hold in the case of u˜R − t˜R mixing, with the CP
violating source terms being proportional to Aλ3 instead of Aλ2). Eq. (30) is the
reason for making the particular ansatz for supersymmetry breaking in Eq. (10)
since it allows us to derive the baryon asymmetry from the same phase γ that is
in the quark mass matrix, and that is (indirectly) measured in the Kaon decay
experiments. Notice that in our ansatz the quantities x and y inM2u˜LR are related
to c and s, the mixing angles in the Unitary matrix that diagonalizes M2u˜RR and
for example, x = y ⇒ c = s and the CP violating source term vanishes [this
would correspond to AULR being proportional to AURR in Eq. (8)]. In a more
general case, the parameters x and y present in AULR do not have to be related
to c and s which come from diagonalizing AURR . For example if the stop is light
3 Notice that this differs from the Wolfenstein parametrization [21] by the trivial replacement
σ =
√
ρ2 + η2 and by a rephasing of the third column. This then specifies the flavor basis in
which CP violation is defined as originating in the supersymmetry conserving lagrangian. All
low energy Standard Model calculations would be invariant under the change from this basis to
any other, however in order for the full supersymmetric result to reamin invariant, one would
have to rephase also the squark mass matrices appropriately.
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because of a small diagonal soft mass, and not due to mixing, we would have
c = 1, s = 0.
3.3 The Rate Equations
Once again we follow the technology explictly given in [9] adapting their results
of no family mixing to allow for c˜R − t˜R mixing.
The basic rate equation near equilibrium is given by
n˙i = −∆i 6Γij
T 3
∆j
nj
kj
(31)
where ni is a particle density, Γ are the reactions that change ni by ∆i and nj are
the particle densities that participate in the reaction, changing an amount ∆j in
the process and k is a statistical factor. Assuming super equilibrium i.e. atleast
some of the gauginos and higgsinos are light enough to equilibriate quarks and
squarks the particle densities of interest (those that participate in fast interactions
due to the large top quark Yukawa coupling) are:
Q = (tL + bL + cL + sL) + (t˜L + b˜L + c˜L + s˜L)
T = (tR + cR) + (t˜R + c˜R)
H = h+ h˜ (32)
It has been shown that strong sphaleron effects are important [22], so one has to
consider the other quark species too. However, since strong sphalerons are the
only interactions they feel, we can use the fact that strong sphalerons are rapid
to constrain them.
(uL + dL) = −2uR = −2dR = −2sR = −2bR ≡ −2B = (Q+ T ) (33)
in addition all the squarks of the above species are degenerate in our model, so
we have
(kuL + kdL) = 2kuR = 2kdR = 2ksR = 2kB (34)
Assuming all the squarks are heavy except the one light c˜R− t˜R admixture gives
us the following statistical factors
kQ = 12; kT = 12; kB = 3; kH = 12. (35)
Now we set up the rate equations for the particle species Q, T , and H , in-
cluding the effects of diffusion, the CP violating source term, and the “fast”
interactions due to the top quark Yukawa, the top quark mass, the Higgs self
interaction, and the strong sphalerons (Γm, Γy, Γh, and Γss where we redefine
6Γ/T 3 → Γ for convenience).
12
Q˙ = Dq∇2Q− Γy[ Q
kQ
− H
kH
− T
kT
]− Γm[ Q
kQ
− T
kT
]
−6Γss[4 Q
kQ
− 2 T
kT
+ 3
Q+ T
kB
] + γQ˜
T˙ = Dq∇2T − Γy[− Q
kQ
+
H
kH
+
T
kT
]− Γm[− Q
kQ
+
T
kT
]
+3Γss[4
Q
kQ
− 2 T
kT
+ 3
Q+ T
kB
]− γQ˜
H˙ = Dh∇2H − Γy[− Q
kQ
+
H
kH
+
T
kT
]− ΓH H
kH
(36)
Further, since the rates Γy and Γss are independent of the Higgs vev, these will
always be fast, and we approximate the combination of particle species feeling
these interactions to be given by their equiilibrium values i.e.
Q
kQ
− H
kH
− T
kT
= 0
4
Q
kQ
− 2 T
kT
+ 3
Q+ T
kB
= 0 (37)
which gives
Q = H
kQ
kH
3kT − 2kB
2kB + 3kQ + 3kT
T = −H kT
kH
3kQ + 4kB
2kB + 3kQ + 3kT
(38)
Plugging these equations into the rate equations, we can solve for the Higgs
number H in the symmetric phase under the approximations detailed in [9] to
get
H = AHe
vwz/D¯ (39)
where vW is the wall velocity and
AH =
γ¯w√
Γ¯D¯
(40)
and
D¯ =
DQ(3kQkT + 2kQkB + 8kTkB) +DHkH(2kB + 3kQ + 3kT )
3kQkT + 2kQkB + 8kTkB + kH(2kB + 3kQ + 3kT )
(41)
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Γ¯ = (Γm + Γh)
3kQ + 3kT + 2kB
3kQkT + 2kQkB + 8kTkB + kH(2kB + 3kQ + 3kT )
(42)
γ¯ = γQ˜
kH(2kB + 3kQ + 3kT )
3kQkT + 2kQkB + 8kTkB + kH(2kB + 3kQ + 3kT )
(43)
with [9]
DQ ≃ 6
T
DH ≃ 110
T
Γm ≃ 4M
2
Wλ
2
t sin
2 β
21g2T
Γh ≃ M
2
W
35g2T
(44)
Using Eqs. (33) and Eqs. (38) we can solve for the left-handed quark density
nL = Q+ (uL + dL) = H
3kQkT − 4kQkB − 4kTkB
kH(2kB + 3kQ + 3kT )
=
2
13
H (45)
Finally we turn on the ’slow’ weak sphaleron rate Γws and use the well known fact
that an excess of left-handed baryons acts as a chemical potential that biases the
baryon number violating weak sphalerons to produce a net baryon asymmetry.
If we assume that weak sphalerons are active in the symmetric phase, and shut
off abruptly at the bubble wall, then the solution of the rate equation for baryon
number gives
ρB = −3Γws
vw
∫
0
−∞
nL(z)dz = − 6
13
AHD¯
v2w
Γws (46)
where we have used Eq. (39) to get the final result. Finally, using λt = 1, Γws =
α4wT, |Vcb| = 0.04, tanβ = 1, and s = 55T 3 we get the numerical result
ρB
s
= 4× 10−9 T
m
em/T
(1− em/T )2
m0µ
T 2
γw
vw
∆β[sin γ(xs2 − yc2)] (47)
where m is the mass of the lightest right-handed up-type squark in the symmetric
phase, and the rest of the parameters have been defined before. T, γw, vw
and ∆β are parameters relating to the EWPT and cannot be measured. The
rest of the parameters in Eq. (47) will presumably be measured in terrestrial
experiments. T is pretty robust around 100 GeV. Estimates for the wall velocity
are vw ≃ 0.1 − 0.3. ∆β is harder to estimate: in general we would expect some
suppression depending on the ratio of physical Higgs boson masses and we naively
estimate ∆β = (mh/mA)
2, wheremA is the mass of the pseudoscalar Higgs boson.
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3.4 Results
In Fig. 1 we plot the regions in the x − y plane that generate sufficient baryon
asymmetry for c˜R − t˜R or u˜R − t˜R mixing for two different values of m0. We use
T = 100 GeV, ∆β = 0.25, vw = 0.1, and set the CP violating phase γ = π/4.
For the allowed region we require ρB/s > 1 × 10−11 and 85 Gev < mu˜1 < 175
GeV, where u˜1 is the lightest up-type squark.
Notice that although the magnitude of the CP violating source term is sup-
pressed by a factor of the Cabibbo angle for u˜R − t˜R mixing, the allowed region
is similar in size for the two cases. This tells us that the dominant constraint
is coming from the requirement on the strength of the EWPT, and that the
CP violation is sufficient in both cases. Another feature is the symmetry under
c˜R ↔ u˜R, (x, y) ↔ −(x, y). This is because in Eq. (47) the dependence on sin γ
changes sign as one goes from c˜R − t˜R mixing to u˜R − t˜R mixing.
It is clear from Fig. 1 that raising m0 significantly decreases the allowed re-
gion. This is due to a combination of raising the mass of the lightest squark above
the range where the EWPT is strongly first order and the Boltzman suppression
in Eq. (47). Along these lines, if the gauginos and higgsinos are much heavier
than the phase transition temperature, T0 ∼ 100 GeV, we do not expect super-
symmetry to play a significant role at the EWPT. This leads us to put an upper
bound on m0 and on the gaugino and higgsino masses of ∼ 300 GeV, above which
we do not expect any scenario of supersymmetric baryogenesis to be viable.
The Higgs bosons affect this calculation in two ways: through the limit placed
on the lightest Higgs boson mass by the requirement of a first order phase transi-
tion, a Higgs boson mass larger than ∼ 100 GeV would make a first order phase
transition less plausible, and by the dependence of the baryon asymmetry on
∆β, the variation of the Higgs vevs over the bubble wall. We have estimated
∆β ∼ (mh/mA)2 and used ∆β = 0.25 which results from mh = 75 GeV and
mA = 150 GeV. If a more accurate calculation shows a stronger dependence of
∆β on the ratio of Higgs masses [23], the net result would be a reduction in the
baryon asymmetry.
Another possible source of suppression is the weak sphaleron rate Γws. We
have used Γws = α
4
wT
4 [24]. If, as suggested in some recent work [25], Γws ∝ α5wT 4,
this would significantly reduce the possibility of electroweak baryogenesis in most
models.
Suppressing the baryon production by a factor of 10 through any of the possi-
ble mechanisms discussed above results in a smaller but still substantial allowed
region for the cases we have presented, except for the case of u˜R− t˜R mixing with
m0 = 250 GeV, where no allowed region remains (this is due to the additional
Cabibbo suppression in the CP violation).
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Figure 1: Allowed regions for the mixing parameters x and y that generate a
sufficient baryon asymmetry. Figs. (a) and (b) are for c˜R− t˜R mixing while Figs.
(c) and (d) are for u˜R − t˜R mixing. The values of m0 and µ are given in each
plot, with the rest of the MSSM parameters as in the text.
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4 Flavor Physics
The largest effect in low energy flavor physics is a large contribution to D − D¯
mixing from gluino box diagrams. This results in an enhancement of the mixing
by many orders of magnitude over the Standard Model prediction. This is due to a
combination of two factors. The first is the large supersymmetry breaking c˜R− t˜R
or u˜R − t˜R mixing. The second is the fact that the Cabibbo angle is generated
in the up-type quark mass matrix [Eq. (9)] coupled to the non-degeneracy of the
squark masses [12]. It is large over most of the allowed regions in Fig. 1, and in
fact the experimental upper bound excludes a significant amount of the parameter
space. Using ∆(mD) < 1.3×10−13 GeV, fDB2D = 160 MeV, mD = 1.86 GeV and
a gluino mass mg˜ = 150 GeV, we plot in Fig. 3 the allowed regions from Fig. 1
but with the added constraint coming from ∆(mD).
Notice that a significant allowed region only remains for one case: c˜R − t˜R
mixing and m0 = 200 GeV. Once again, suppressing the baryon production by
a factor of 10 reduces this region slightly, but still leaves a substantial allowed
area. In the allowed regions, ∆(mD) ranges from 1 × 10−14 − 1 × 10−13 GeV,
thus it is always within one order of magnitude of the current upper bound, and
consequently should either be observed or rule the model out soon.
Another robust prediction of this model is a large EDM for the up quark
from one-loop gluino exchange diagrams and for the down quark from higgsino
exchange. Approximating the neutron EDM by the larger of the of the up or
down quark EDM’s, we find that it ranges from 1×10−27 e-cm to 1×10−28 e-cm.
once again always within a couple of orders of magnitude of the experimental
upper bound dn < 1× 10−25 e-cm.
The rate for the decay b → sγ is usually enhanced over that in the Stan-
dard Model, and improvements in the experimental error, or Standard Model
theoretical uncertainty would put significant constraints on the model.
The effects on neutral K and B meson mixing are less pronounced, with
the dominant contribution coming from chargino boxes, with the result that one
requires a smaller CP violating angle γ and |Vtd| to account for the observed CP
violation in neutral K decays and the magnitude of Bd− B¯d mixing respectively,
changing the shape of the Unitarity triangle. A sub leading effect is that the
B-physics experiments no longer precisely measure the angles of the Unitarity
triangle. However, this effect is pronounced only in very specific regions of the
parameter space, and even then hard to observe experimentally [26]. Moreover
penguin effects that could help detect new physics beyond the Standard Model
[27] are negligible in this model.
If we fix the rest of the CKM matrix parameters (which don’t vary much
anyway) to λ = 0.22, A = 0.78, σ = 0.023, and fit for γ using the inputs
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Figure 2: Regions for the mixing parameters x and y that generate a sufficient
baryon asymmetry and are consistent with the experimental bound on D − D¯
mixing. Figs. (a) and (b) are for c˜R − t˜R mixing while Figs. (c) and (d) are for
u˜R − t˜R mixing. The values of m0 and µ are given in each plot, with the rest of
the MSSM parameters as in the text.
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given in Table 1 of [26], we get γ ≃ π/2 for the Standard Model, and γ ≃
π/4 in our model over all of the allowed x − y space. Unfortunately, given the
current hadronic uncertainties, the errors on these values for γ are so large that a
measurement of γ would not distinguish these two scenarios. In addition, because
of a conspiracy between these preferred values for γ and |Vub|, the benchmark
CP asymmetry measurement Bd → ΨKS will not be able to distinguish these
two scenarios either since the angle β turns out to be similar in both cases.
We show this in Fig.3(a) where we plot the semi circle determined by |Vub| (on
which the apex of the triangle is constrained to lie), and the Unitarity triangle
corresponding to the central value for γ in the Standard Model, and for a typical
value of γ in our model. The solid parts of the semi circle correspond to the 1σ
allowed values for γ in both models. An improvement in calculation of hadronic
matrix elements would render the situation a little less bleak, and we plot in
Fig. 3(b) the same information as in Fig. 3(a) assuming the central values
for experimental quantities don’t shift, but that the hadronic uncertainties are
reduced. This corresponds to Table 2 of [26]. In this case a direct measurement
of γ, or alternatively α = β + γ could differentiate the models. sin 2(β + γ)
measured in Bd → ππ is clearly negative in the Standard Model and a positive
value would indicate new physics as in our model.
5 Conclusions
We have studied a particular ansatz for super symmetry breaking with off di-
agonal soft masses for the up-type squarks such as generically occur in models
with Abelian flavor symmetries. The motivation for this is that it results in a
first order EWPT, and makes the one physical phase allowed in the MSSM super
potential also responsible for baryogenesis. In this scenario, the phase resides
in the up-type quark mass matrix and has already been observed in Kaon de-
cay experiments, and will be well measured at the asymmetric B factories. The
model predicts D − D¯ mixing and a neutron EDM close to the experimental
upper bounds. The expectations for CP violating asymmetries in B decays are
different in this model than in the Standard Model, and can help distinguish the
two with an improvement in hadronic calculations.
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Figure 3: The Unitarity triangle in the Standard Model and in the supersym-
metric extension proposed here. The dashed semi circle is |Vub|, and the apex of
the triangle is constrained to lie on it. The solid parts of the semi circle delin-
eated by diamonds at the ends display the 1σ allowed values for the angle γ in
the Standard Model and the new model. Fig. (a) is with the current hadronic
uncertainties. Fig. (b) assumes the theoretical improvements discussed in [28].
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